The human circadian system regulates hunger independently of behavioral factors, resulting in a trough in the biological morning and a peak in the biological evening. However, the role of the only known orexigenic hormone, ghrelin, in this circadian rhythm is unknown. Furthermore, although shift work is an obesity risk factor, the separate effects of the endogenous circadian system, the behavioral cycle, and circadian misalignment on ghrelin has not been systematically studied. Here we show-by using two 8-day laboratory protocols-that circulating active (acylated) ghrelin levels are significantly impacted by endogenous circadian phase in healthy adults. Active ghrelin levels were higher in the biological evening than the biological morning (fasting +15.1%, P = 0.0001; postprandial +10.4%, P = 0.0002), consistent with the circadian variation in hunger (P = 0.028). Moreover, circadian misalignment itself (12-h behavioral cycle inversion) increased postprandial active ghrelin levels (+5.4%; P = 0.04). While not significantly influencing hunger (P > 0.08), circadian misalignment increased appetite for energy-dense foods (all P < 0.05). Our results provide possible mechanisms for the endogenous circadian rhythm in hunger, as well as for the increased risk of obesity among shift workers.
Introduction
There is a large endogenous circadian rhythm in hunger (17%), with a peak in the biological evening and the trough in the biological morning [1] . This circadian rhythm in hunger may explain why, despite the extended overnight fast, people often feel least hungry in the morning and often skip breakfast. However, the neuroendocrine mechanisms through which the circadian system regulates hunger and appetite remain unclear. Ghrelin, a peptide secreted primarily by the stomach, is the only known circulating orexigenic hormone and a key element in the complex signaling network of energy balance. Acylation of ghrelin is essential for its appetite-stimulating activity [2] . The circulating level of active (acylated) ghrelin is mainly regulated by nutritional status, rising by fasting and decreasing after food ingestion [2] . While some rodent and human studies have reported a diurnal rhythm in ghrelin under fasted conditions [3] [4] [5] , none accounted for the contribution of other behavioral factors such as sleep/wake and rest/ activity cycles. Thus, it remains to be elucidated whether there is an endogenous circadian rhythm in circulating active ghrelin (AG) levels, independent of behavioral cycles.
Furthermore, shift workers have an increased risk of obesity [6] and may experience hyperphagia and high desire for energy-dense food [7, 8] . This raises the question whether misalignment between the endogenous circadian system and the 24-h environmental/behavioral cycles (i.e., circadian misalignment), that is typical of night work, may contribute to increased energy intake in shift workers through neuroendocrine changes. We are aware of no study to date that systematically tested the separate and relative effects of circadian phase and circadian misalignment, independent of the behavioral cycles, on AG, hunger and appetite.
To address the above questions, we assessed AG levels and hunger/appetites before and after identical test meals in a randomized, crossover design with two 8-day laboratory protocols (aligned vs. misaligned; Fig S1) . Together, these two protocols allow us to separate the impacts of behavioral cycle, circadian phase, and circadian misalignment. We report fasting and postprandial levels separately, since they have different implications: the former is related to meal initiation, the latter to the satiety cascade [9] .
Methods
Other aspects of this study-which was designed to test separate hypotheses-have been published [10, 11, 21, [23] [24] [25] .
Participants and experimental design
Fourteen healthy young adults completed this study [mean age ± SD, 28 ± 9 years; BMI, 25.4 ± 2.6 kg/m 2 ; 8 men]. For details on subject recruitment, screening methods and preinpatient study conditions, see SI Appendix and [11] .
Diet
Participants consumed an isocaloric diet per 24 h. Identical test meals were given at 1 h (breakfast) and 13 h (dinner) following scheduled wake time on the 1st and 3rd test days. Blood samples for AG assay (n = 14) were collected 7 min before the test meal (fasting), and 60 min and 120 min after each test meal started (postprandial). Details see SI Appendix.
Hunger and appetite ratings
Participants used computerized, visual analog scales (VAS; 0 as "not at all" and 100 as "very much"/"extremely") to rate hunger, appetite, and food preferences hourly (n = 14), including 5 min before the test meal (fasting), and 55 min and 115 min after the start of each test meal (postprandial).
Data analysis
Using linear mixed model analysis with participants as random factor, we tested the independent effect of circadian phase (biological morning vs. biological evening), alignment condition (circadian alignment vs. circadian misalignment), and the behavioral cycle (breakfast vs. dinner) on fasting and postprandial AG levels and hunger/ appetites. We also tested whether the separate effects of the circadian system and circadian misalignment on the outcomes would change upon repeated exposure to circadian misalignment by including their interaction terms with test day (first vs. third). To account for time-course influences, time since meal (postprandial: 1-h and 2-h) and its interaction with the main effects were added into the linear mixed model. To assess whether AG was associated with the circadian effect on hunger, we added AG as a covariate into the linear mixed model. Statistical significance was accepted as P < 0.05. To represent the independent effects of the circadian phase, circadian misalignment and the behavioral cycle, in the table, we Table 1 shows comparisons of fasting and postprandial AG levels, hunger and appetite ratings between circadian phases, alignment conditions, and behavioral cycles.
Results
There was a significant circadian phase effect, independent of the behavioral cycles, on fasting (P = 0.0001) and postprandial (P = 0.0002) AG levels with higher values in the biological evening than the biological morning ( Fig. 1a ). Similar circadian phase effects were also present for postprandial hunger (P = 0.03, Fig. 1b ), estimates of how much food participants could eat (much; P = 0.02), appetites for sweet (P = 0.02) and meat (P = 0.03), all with higher scores in the biological evening than the biological morning. Consistently, fullness was lower in the biological evening (P = 0.01). However, there were no significant circadian effects on fasting hunger and appetite ratings (all P ≥ 0.06). The circadian phase effect on postprandial hunger was significantly damped upon repeated exposure to circadian misalignment (P = 0.02 for the interaction term: circadian phase × test day), with a similar trend for postprandial AG (P = 0.054). This circadian effect on postprandial hunger lost significance (P = 0.13) if AG was added as a covariate (P = 0.058), indicating this effect may be mediated through AG.
Circadian misalignment, independent of the circadian phase and behavioral cycle, significantly increased postprandial AG level as compared to circadian alignment (P = 0.04), without significant differences in hunger and fullness (all P ≥ 0.08). Of interest, postprandial appetites for starch (P < 0.001), salty (P < 0.001), diary (P = 0.02), vegetable (P = 0.01), and fruits (P = 0.01) were all significantly higher under misaligned conditions than aligned conditions. These findings were not influenced by exposure duration to circadian misalignment (all P ≥ 0.16 for interaction term: circadian misalignment × test day).
Postprandial AG (P = 0.02), together with hunger (P < 0.01), desire to eat (strong; P < 0.001), and all appetites (all P < 0.04) were affected by the behavioral cycle while controlling for circadian effects, with higher levels at breakfast than at dinner. The behavioral cycle also influenced fasting hunger, appetites for sweet, salty, and vegetable, though contrary to the postprandial scores, fasting ratings were higher at dinner than at breakfast.
Discussion
We reveal a strong endogenous circadian effect on AG concentrations, with higher fasting and postprandial levels in the biological evening than the biological morning. Postprandial (but not fasting) hunger also showed a consistent circadian variation. Furthermore, postprandial fullness, and appetites for energy-dense food (i.e., sweet and meat) show significant circadian effects, in directions that support the central observation for AG and hunger. The circadian effects on postprandial hunger was blunted following consecutive days of circadian misalignment, with a similar trend for AG. The attenuation in the biological morning/evening differences may be due to blunted, shifted or otherwise disrupted circadian control, and is consistent with evidence from melatonin, cortisol, glucose, and dietinduced thermogenesis [10, 11] .
Current results are consistent with a previous study demonstrating an endogenous circadian rhythm in hunger with a trough at a circadian phase equivalent to~8:00 a.m. and a peak at~8:00 p.m. [1] . The present study unraveled a potential neuroendocrine mechanism for the circadian rhythm in hunger-a circadian control of AG levels. This result is in line with prior research showing that ghrelin continues to oscillate under fasted conditions [3] [4] [5] . However, our study furthermore minimized the influence of sleep/wake and rest/activity cycles, relevant because growth hormone release, which is stimulated during sleep, inhibits ghrelin secretion [12] . Our result is also consistent with a recent study showing the circadian rhythm in fasting AG using a forced desynchrony protocol [22] , while our study further 1) distinguished the separate influences from circadian phase and circadian misalignment; 2) revealed circadian variation not only in fasting but also postprandial AG Fasting AG levels were measured 7 min before the test meal (meal start = 0 h), and postprandial AG levels were measured at 60 min (1 h) and 120 min (2 h) after test meal start. Hunger ratings were measured 5 min before the test meal (fasting), and 55 min and 115 min after test meal start (postprandial). In the bottom panels, postprandial data are averaged across the two postprandial assessments. Data are shown in mean ± SEM Table 1 Mean fasting and postprandial active ghrelin levels and hunger and appetites in the biological morning or biological evening (circadian phase), when circadian aligned or misaligned (alignment condition), at breakfast or at dinner (behavioral cycle) Outcomes levels; 3) indicated that AG might mediate the circadian effects on hunger. The circadian variation in AG levels may be mediated by the circadian clock in ghrelin-secreting stomach cells which can be entrained to prior feeding schedules [4, 5] . Using a simulated night shift protocol, we found that circadian misalignment, independent of circadian phase and behavioral cycle, increased postprandial AG levels. This effect was sustained upon repeated exposure. This indicated that increase in AG levels did not subside as an adaptation to circadian misalignment, which may lead to a lasting positive energy balance in shift workers. Circadian misalignment also increased many postprandial appetites, despite no changes in hunger and fullness. This contrast suggests that misalignment may alter eating primarily via the food reward system (related to appetites) rather than the homeostatic pathway (related to hunger and fullness) [13] . Prior studies on the effect of circadian disruption in the form of experimental night shifts or jet lag on ghrelin levels have been controversial, with either elevated [14, 15] or unchanged [16, 17] ghrelin levels. The inconsistency may be attributed to the variations in diet condition (e.g., ad libitum caloric intake, calorie-balanced diet, fixed-calorie meal), the timing and frequency of blood sampling, or the form of ghrelin measured (active vs. total). It is possible that the effect of night shift on appetite-regulating hormones is obscured by uncontrolled caloric intake. The present study circumvented such limitation by providing each participant the same isocaloric diet per 24-h in both protocols.
There were also significant behavioral cycle effects on postprandial AG, independent of circadian phase and circadian misalignment, with lower levels at dinner than at breakfast. This may be due to the higher postprandial glucose levels at dinner [11] as glucose can markedly inhibit ghrelin secretion [18] . We also detected significant behavioral influences on postprandial hunger and most appetite ratings, consistent with the observation for AG. In contrast, despite the longer fasting duration before breakfast (4-h longer than dinner), the fasting hunger, desire for sweet, salty, and vegetable were lower at breakfast than at dinner. This seeming discrepancy may be because, as compared to postprandial appetites, fasting appetites can be largely shaped by culture norms for which dinner is usually the largest meal of the day in US.
Limitations of the study included the relative small sample size. Also, we were only able to measure the circulating level of ligand in human, but not downstream actions including ghrelin receptor expression in vagal afferent neurons, or ghrelin-sensitivity in the arcuate nucleus-the center of appetite regulation. Both sites are also under circadian control [19, 20] .
In conclusion, our findings show the separate effects of circadian phase and circadian misalignment, independent of behavioral cycle, on AG and hunger/appetites in healthy humans. These results provide possible mechanisms for the endogenous circadian rhythm in hunger, as well as for the increased risk of obesity among shift workers.
